In the context of EEC agricultural policy, the efficient production of sunflower (Helianthus annuus L.) requires the development of a wider range of crop management schemes than were used previously. Five different management options were applied to sunflower over a period of 10 years (1984-94) on a deep silty clay soil at Auzeville, near Toulouse, south-western France, combining different levels of crop density, N fertilization and supplementary irrigation. The effectiveness of these practices was evaluated on the basis of grain yield, oil production, amount of disease infection, N leaching, soil water deficit and economic return, using both experimental values and simulations with the -hase model.
INTRODUCTION
During the 1980s, when crop prices were high, the area under sunflower (Helianthus annuus L.) in France increased rapidly (as in Spain and Italy), as did grain yields, as a consequence of irrigation use, genetic improvement (the use of cv. Mirasol) and cropping on deep soils (Cabelguenne & Marty 1983) . Since the late 1980s, sunflower areas have been more or less stable, fluctuating around 900 000 ha. Yields have also tended to stabilize (SCEES 1996 a) , as a result of severe drought , diseases such as brown stem canker (Phomopsis helianthi Munt.-Cvet.) , a general reduction of inputs, and cropping on shallower soils. A wider range of crop management strategies was introduced, as a response to the significant drop in prices after CAP reform in 1992 (SCEES 1996 b) ; managing sunflower under lowinput systems to reduce the production costs is now more frequent than formerly (Poiret 1996) . Sunflower disappeared from irrigated cropping systems and the frequency of sunflower in crop rotations increased on less productive soils.
The adaptation of sunflower to a wider range of production goals such as maximizing grain yield, oil concentration, or gross margin, reducing working time and limiting environmental side effects, requires the development of a diversity of consistent crop management schemes. The effects of soil tillage (Deibert 1989) , sowing date (Gimeno et al. 1989 ; Dixon & Lutman 1992) , sowing density or row spacing (Alessi et al. 1977) , amount of nitrogen (Blanchet et al. 1987 ; Vannozzi et al. 1990 ) and volume of irrigation (Quaglietta Chiaranda ' & d'Andria 1994) on grain yield and oil content were often studied in classical experiments, combining one or two production factors. However, only a limited Table 1 . Elements of sunflower management differing from year to year (Meynard 1985 ; Capillon & Fleury 1986 ; Debaeke & Hilaire 1991) . This systems approach has been applied to sunflower in a limited number of situations only (Reau & Wagner 1994 ; Bonari et al. 1996) . The objective of this study was to evaluate a range of management options for sunflower production applied during ten successive years on a deep alluvial soil in south-western France. Since the Common Agricultural Policy (CAP) reform in 1992, a new system of crop prices, fixed subsidies, and compulsory set-aside has been introduced. The consequences of this new policy on sunflower gross margins under different input levels was evaluated using the 10-year experimental variability and the related operating costs.
MATERIALS AND METHODS
A long-term field trial 1 : design (1984-92) Experiment 1 is a part of a long-term comparison of different technical sequences applied to nine crops included in ten crop rotations managed under rainfed conditions or with supplementary irrigation (Debaeke & Hilaire 1997) . The experiment was initiated in autumn 1983 on land previously sown with wheat (1981\82) and ryegrass (1982\83). The same degree of intensification was applied to the complete crop rotation from 1984 onwards.
Sunflower was grown in two 4-year rotations, using the normal regional practices : (A) sunflower-winter wheat-oilseed rape-winter wheat, and (B) sunflowerwinter wheat-grain sorghum-winter wheat (or winter barley). In rotation A, sunflower was not irrigated but three different degrees of intensification were applied (low, LR ; medium, MR ; high, HR). In rotation B, four different input levels were applied either with (medium, MI ; high, HI) and without irrigation (low, LR ; medium, MR). From the rainfed low-input treatment (LR) to the fully irrigated high-input treatment (HI), the NPK fertilizer amounts, the number of pesticide applications, and the plant population steadily increased. Crop management was not affected by the type of crop rotation. The effect of increasing inputs under rainfed conditions was analysed in rotation A ; rotation B was used to study the response of sunflower to supplementary irrigation. The spatial arrangement of rotations, rotation phases and sequences of technical operations within each phase was initially randomized. However, there was no replication of the latter factor in space because of the size of the whole experiment. On the 72 plots of the experiment, only seven were planted with sunflower each year from 1984 to 1992. As technical sequences were compared in adjacent plots to reduce the effects of soil variability, and as soil depth is not a limiting factor at Auzeville, we assumed very limited effects on sunflower grain yield of possible differences in soil physical environment between treatments. In a preceding experiment , which was arranged as a four-block design, Rellier (1981) did not find any significant influence of soil type (block factor) on wheat grain yield, which indicates rather homogeneous soil conditions.
Experiment 2 : design (1994)
At the end of the previous experiment, a single wheat crop was grown in 1992\93 to reveal the cumulative effects of the 9-year experiment (Debaeke et al. 1996) . A single sunflower crop (cv. Select) was then sown on 3 May 1994 on each of the 72 plots. The crop management programmes were similar to the previous ones ( Table 1) . As each phase of the crop rotation was present each year, four blocks were available in 1994 for statistical comparisons. On each plot, a lateral band (90 m#) was kept free of N fertilizer in 1994. Technical sequence was considered as a sub-block for N response comparison.
Crop management
Cultivars changed between years and between degrees of intensification (Table 1) . Genetic improvement was taken into consideration. For instance, cultivars less productive but more tolerant to Phomopsis helianthi (e.g. cvs TN15 and Agrisol) were preferred under low-input management from 1989 onwards. The cultivars did not differ much in their earliness : c. 1650 growing degree-days were required from emergence to physiological maturity (temperature threshold of 6 mC) ( Table 2 ). The genotypic variations in oil concentration or 1000-seed weight were taken into consideration when analysing the results.
In both experiments, sunflower was sown after Temperature (mC) 7n3 1 2 n 2 1 3 n 7 1 7 n 8 2 1 n 9 1 9 n 5 1 9 n 8 1 6 n 0 Precipitation (mm)  66  65  109  65  38  11  0  354  1986 Temperature (mC) 8n8 8 n 5 1 5 n 5 1 7 n 8 2 0 n 2 2 0 n 5 1 8 n 7 1 5 n 7 Precipitation (mm)  47  72  47  14  7  21  41  249  1987 Temperature (mC) 7n5 1 2 n 9 1 3 n 1 1 6 n 9 2 0 n 7 2 1 n 1 2 0 n 1 1 6 n 0 Precipitation (mm)  79  68  53  57  92  24  11  487  1988 Temperature (mC) 8n8 1 1 n 9 1 5 n 4 1 8 n 4 1 9 n 9 2 0 n 8 1 7 n 5 1 6 n 1 Precipitation (mm)  104  147  63  50  48  26  49  487  1989 Temperature (mC) 11n0 1 0 n 3 1 7 n 7 1 9 n 8 2 2 n 5 2 2 n 3 1 7 n 7 1 7 n 3 Precipitation (mm) 42 112 22 9 6 28 45 264 1990
Temperature (mC) 10n3 1 0 n 7 1 7 n 6 1 8 n 8 2 2 n 5 2 2 n 7 1 8 n 9 1 7 n 4 Precipitation (mm )  5  66  86  38  21  71  28  315  1991 Temperature (mC) 11n0 1 0 n 2 1 3 n 1 1 7 n 5 2 1 n 9 2 3 n 7 2 0 n 7 1 6 n 9 Precipitation (mm) 89 63 109 57 6 81 81 486 1992
Temperature (mC) 9n4 1 1 n 6 1 7 n 0 1 6 n 9 2 1 n 1 2 2 n 6 1 7 n 7 1 6 n 6 Precipitation (mm)  42  71  89  293  128  165  104  892  1994 Temperature (mC) 6n5 1 0 n 4 1 6 n 5 1 9 n 7 2 3 n 9 2 3 n 4 1 7 n 7 1 6 n 9 Precipitation (mm)  23  123  70  75  11  3  108  413 winter cereals in 0n5 m rows oriented east-west, on land which was first ploughed and then shallow harrowed. The same sowing date was used for all management options. As spring rainfall is extremely variable in south-western France (Table 3) , the actual sowing dates ranged from the end of March to early May. When seedling population was too low ( 25 000 plants\ha) and uneven, the crop was re-sown. In 1984 In , 1986 In , 1987 , the plots were sown again after shallow cultivation (on 18 April, 6 May, 4 May and 24 April, respectively), because of low temperatures (1986), pigeon attacks (1984, 1987) or lack of seedbed moisture (1989) . As the new sowing date was relatively late in 1986 and 1987, an early maturing genotype (cv. Frankasol) was used for the re-sowing.
The crop density was modified during the course of the experiment (Table 1 ). The same density (c. 7 plants\m#) was used for all treatments from 1984 to 1986. From 1987, plant density increased in irrigated plots, and from 1992, decreased for low-input management, in order to limit disease development.
N fertilizer amount increased from LR to HI : 50 to 170 kg\ha (Table 4) , and was not adjusted each year for the soil N budget. P and K fertilization increased in the same way, from 40 to 210 kg\ha P # O & and K # O. Sprinkler irrigation was managed by regularly monitoring the soil water down to 1n6 m with a neutron probe throughout the growing season. Two strategies of supplementary irrigation were tested : in MI, a limited amount of water was available (c. 90-120 mm) and two or three split applications were made around anthesis ; while in HI, water was not limited and irrigation began earlier and stopped later. Decision rules based on soil water deficit and crop stage were applied to trigger irrigation (Debaeke & Hilaire 1997), which led to different application volumes and schedules between one year and another. According to the limited irrigation programme (MI), three waterings were possible between the ' 3-cm flower bud ' stage and the end of anthesis (' petal-fall ' stage), if less than 40 % of available soil water was present at 0n4 m depth. According to the full irrigation programme (HI), these applications were possible earlier (' 2-cm flower bud ' stage), if less than 60 % of available soil water was present at 0n4 m depth ; irrigation then was applied to recharge the soil water profile before anthesis and at petal-fall. Soil water content and water use were assessed only in the MR, MI and HI managements of rotation B.
Fungicide protection was introduced in 1986 because of the spread of Phomopsis helianthi during 1985 in south-western France (Delos & Moinard 1995) . It was used on susceptible genotypes and under high nitrogen and\or high irrigation supply treatments (Table 1) . Weed control was different for each treatment ; the efficacy and cost of herbicides increased from low-input to high-input management (Table 4) . The occurrence and population densities of weeds, insects and diseases were routinely surveyed to help maximize the agronomic and economic efficiency of pesticide applications.
Observations
On each plot, commercial grain yield was determined at maturity by harvesting one (1994) and four (1984-92) central areas of 75 m#. Biological grain yield and yield components (number of heads\m#, number of achenes\m#, 1000-seed weight) were recorded from manual samplings from one 5 m# central area per plot. Dry matter and plant N content were measured separately for grain, head and stem using the Kjeldahl method. Oil content was measured by the Nuclear Magnetic Resonance (NMR) technique at the CETIOM laboratory at Ardon.
In 1994, leaf area index determinations were made at the beginning of anthesis (R5 according to Schneiter & Miller (1981) ) by using the non-destructive method of Pouzet & Bugat (1985) . Plants were counted on ten areas of 1 m# and one median stage plant per quadrat was assessed for leaf area. Symptoms of Phomopsis were observed at the R8 stage on five series of ten successive plants according to the following scale (Pinochet 1994) : (0) healthy ; (1) non-encircling spot on the stem ; (2) encircling spot on the stem ; (3) totally brown stem ; (4) stem broken at the site of the spot. The number of spots per plant was not counted. A similar approach was used for Phoma macdonaldii Boerema with only two classes (healthy or presence of a dark spot surrounding the petiole).
Statistical analysis
In 1994, the experiment was a randomized four-block design. As no blocks were available in the 1984-92 period, the four yield replicates within each plot were used to measure variability and crop managementi replicates was used as the error term.
Use of crop simulation
A simulation model of a sunflower crop in rotation was used to assist in a wider agronomic evaluation of the experimental results. The -hase model has been successfully validated on sunflower in southwestern France and was adopted for this reason (Quinones et al. 1990 ; Kiniry et al. 1992) . The model simulates the evolution of leaf area index (LAI), above-ground biomass, water use, N uptake, and rooting pattern in relation to water and nitrogen dynamics in the soil, using a daily time step. Both biomass and harvest index are affected by water and nitrogen stress. A limited number of genotypic characteristics must be provided, such as growing degree-days (GDD) for early bud stage, anthesis and physiological maturity.
As field determinations of mineral nitrogen are extremely variable in space and fluctuate in time, a simulation of nitrate leaching was attempted using the -hase model. Validations attempted on the nitrogen sub-model indicated good agreements with reality (Vereecken et al. 1991) . As the residual effects of sunflower management should be assessed on the subsequent crop, a sunflower-wheat rotation was simulated using 27 years of climatic data at Auzeville. Sunflower was assumed to have been sown on 15 April and wheat on 15 November of each year. A range of N amounts at sowing was tested on sunflower (0, 30, 60, 90, 120 and 150 kg\ha) , while wheat always received 150 kg\ha split into three spring applications. Two irrigation regimes were tested : two applications of 35 mm around anthesis, and five applications of 30 mm every 10 days from the end of June until early August.
Economic evaluation (before and after 1992 CAP regime)
The calculation of operating costs, crop products and gross margins was attempted using the experimental results. The production costs included seeds, NPK fertilizers, chemicals for crop protection, and fuel. Only energy costs for delivering irrigation were considered ; an average value of 0n50 FF\m$ of water supplied was used in the calculations. A steady decline in prices for the sunflower crop has occurred since 1984 : from 3500 FF per ton of grain in 1984 to 1000 FF in 1992, with a slight increase after CAP reform (to 1300 FF). Only slight reductions in unit costs for fertilizers and pesticides were observed. The new statement of EEC Common Agricultural Policy was applied in 1993 with a reduction in prices, the introduction of compensatory subsidies and a compulsory set-aside of 15 % of the arable land.
Three different calculations were made, using the average yield of the 1984-92 period and the corresponding production costs, which integrated the adaptation of practices to climate and to cumulative effects, in a context of relative stability of input costs : (1) average price for 1984-87 (3300 FF per ton at 9 % grain moisture), (2) average price for 1988-91 (2700 FF), and (3) average price for 1992-95 (1200 FF). In this last case, a fixed subsidy of 3500 FF per ha of sunflower was supplied in south-western France, on the condition that 15 % of the farm was set-aside. The net return from a sown set-aside was c. 1500 FF per ha : a subsidy of 2400 FF per ha minus the cost of 900 FF per ha for seeds, weed control and tillage. Assuming a triennial rotation, the actual return from 1 ha of sunflower in the new CAP regime was calculated as 95 % of the sunflower gross marginj5 % of the set-aside gross margin.
RESULTS

Climatic conditions and diseases
The weather variability during the 10 years of experimentation was high (Table 3 ). In 1984, early sunflower growth was limited by relatively low temperatures in spring, then water availability was reduced during flowering (in July). No Phomopsis was observed in this region.
In 1985, conditions for early growth were favourable. Water shortage was observed during the summer. Numerous fields were affected by Phomopsis in the Toulouse region (Delos & Moinard 1995). management 1984 1985 1986 1987 1988 1989 1990 1991 1992 1994 Mean A L R 3 n 24 3n46 2n29 2n97 3n29 3n22 1n51 1n55 1n01 2n38 2n49 MR 2n46 3n09 2n65 3n09 2n34 2n67 1n50 2n26 1n33 1n92 2n33 HR 2n29 3n33 2n49 2n89 2n91 2n53 1n13 1n74 1n03 2n46 2n28 .. (9 ..) 0n400 0n186 0n105 0n134 0n189 0n123 0n096 0n168 0n110 0n247 .. In 1986, cold conditions in April affected the emergence of sunflower. The late sowing was then affected by an early drought from June onwards. The spread of Phomopsis to the stems was prevented by the severe water deficit.
In 1987, a normal rainfall pattern was observed and temperatures were favourable to early growth. Release of Phomopsis ascospores was observed from the end of June. This late infection had more effect on yield than in 1986, because summer conditions did not prevent spread to the stems in 1987.
In 1988, winter and spring conditions were very mild and rainy, which explained the very early Phomopsis contamination (early May) and the severity of attacks on stems.
In 1989, there was severe drought from May to September. Contamination by Phomopsis and its spread through the plant were limited by the absence of significant rainfall from May onwards.
In 1990, the soil water profile was not recharged during winter, because of the severe soil deficit in autumn and low rainfall during winter. Mild conditions and normal rainfall in April-May were responsible for early leaf infection, but the persistent drought limited the effect of these attacks.
In 1991, low temperatures delayed the maturation of Phomopsis ascospores and significant infection occurred rather late in the season, as in 1987 ; then the summer drought and high temperatures limited the spread of Phomopsis within plants.
In 1992, there was very heavy rainfall from June to September, which caused a severe attack of Phomopsis and large yield losses, through stem breakage, in spite of a rather late infection period (early June) (Delos et al. 1995) .
In 1994, very wet conditions in spring delayed the sowing period to early May. The growing season was very dry except for the rain at the end of June which caused infection by the release of Phomopsis ascospores (Delos et al. 1995) . Sunflower did not suffer from water shortage until anthesis (10-20 July). The occurrence and spread of Phomopsis was limited by the summer drought and the yield losses were reduced, compared with previous years. First symptoms on leaves were observed on 20 July. In spite of the summer drought and high temperatures, spread to the stem was not stopped completely but the percentage of seriously affected stems was relatively low.
In summary ; 1986, 1989 and 1990 were considered to be very dry years, the main limiting factor was water availability and Phomopsis had no effects on yields. In 1987, 1988 and 1992, significant yield losses (0n5, 0n7 and 1n2 t\ha, respectively) (R. A. Perny, personal communication) were observed at a regional level, as a result of early Phomopsis attacks or rainy conditions in summer which favoured the rapid spread of the disease to the stems. In 1984 In , 1985 , no major limiting factors were observed, but slight water deficits and moderate attacks of Phomopsis occurred.
Response of grain yield to increasing management inputs
Dry conditions
In 1986, 1989 and 1990, under disease-free conditions, far higher yields were observed in rotation B with supplementary irrigation (Table 5) . Under the limited irrigation strategy (MI), sunflower yielded 1n4, 0n7 and 1n3 t\ha more than under rainfed management (MR), for 1986, 1989 and 1990, respectively. Full irrigation (HI) was effective for maximum grain production, because of a pronounced water deficit during most of the growing season. The corresponding yield increases were 1n4, 1n8 and 2n2 t\ha as compared .  ET AL. with MR. The best yields (up to 4n0 t\ha) were observed in dry years under full irrigation, as a result of high irradiance and low disease incidence. In 1986, HI treatment received 170 mm irrigation split into five applications from 16 June to 7 August while MI received three applications (110 mm) between 29 June and 28 July, but there was no significant yield difference between the two irrigation strategies in spite of the severe shortage of rain (Table 3) . As drought occurred only in June and as the soil water reserve was recharged at sunflower emergence, a limited irrigation supply was enough in 1986 on deep soils, in view of the considerable ability of sunflower to extract water from deep layers.
In 1989, 160 mm was supplied on HI between 14 June and 29 July while MI received 120 mm between 22 June and 20 July. In 1990, the corresponding irrigations were 150 mm on HI (27 June to 20 July) and 90 mm on MI (2 to 19 July). The early and severe drought of 1989 and the absence of soil water recharge during winter in 1990 explain the increase of yield with water supply from MR to HI under disease-free conditions.
In 1991, 110 mm was supplied in HI just before (6 July) and after flowering (28 July) while 80 mm was applied at the beginning of grain-filling in MI. Two applications around flowering gave the best result in 1991 (HI), while late applications were not effective compared with rainfed management. In the absence of early and severe drought, there was no advantage of full irrigation programmes for maximizing grain yield on deep soils.
In rotation A, the HR management had the lowest yields, indicating that increasing inputs (plant population, N fertilization) without irrigation was not appropriate in very dry years (Table 5) . A substantial yield reduction was observed in 1990 while in 1986 and 1989, rainfed production was moderately affected. As drought occurred before flower bud (R1 stage), plant drought adaptation was observed in 1986 and 1989 (leaf area reduction, higher harvest index), as described by Blanchet et al. (1990) . In 1990, rainfall after sowing was responsible for the rapid growth until R1, increasing leaf area index and water requirements ; as no drought adaptation was possible in such conditions, sunflower suffered greatly from the reduced summer rainfall and from the absence of deep water. In 1984, spring conditions stimulated crop growth and leaf area expansion : the water shortage in July affected HR and MR more than LR. In deep soils, there is a need to limit green leaf area, and thus water requirements, early enough to prevent such rapid leaf senescence from anthesis onwards. Merrien & Grandin (1990) showed that the maximum yield was obtained with a ratio of actual evapotranspiration : potential evapotranspiration of 0n74 over the whole growing period ; the optimal value was 0n69 for the ' emergence-beginning of flowering ' period, 0n80 for the flowering period, and 0n74 for the grain-filling period. These ratios should be used as intermediary management goals.
Wet years
In 1988, the production of sunflower under LR without fungicide was slightly higher than the one under HR with fungicide, but a susceptible genotype (cv. Viki) was used for all management options (Table  5 ). In 1992, as continuous rain prevented any fungicide application during the appropriate period (before R1), reducing inputs for sunflower increased yields on LR and MR for rotation B, while the susceptible cultivar Viki was grown on HR and HI systems. However, the use of a tolerant genotype such as Select in 1992 had only limited effects on yield loss, probably because of persistent humidity and the amount of inoculum in soils.
In years when Phomopsis affected the crop less seriously (as in 1985, 1987, 1991 and 1994) , yields under the unsprayed LR management did not differ significantly from HR.
Overall
In rotation A, significantly higher or equivalent yields were found for LR as compared with MR management in seven years out of ten. For nine of the ten years, higher or equivalent yields were found for LR as opposed to HR management. Higher or equivalent yields were found for MR than for HR management in eight years out of ten. In rainfed conditions, there is evidence of a limited response of sunflower to increasing the amount of inputs.
In rotation B, significantly higher or equivalent yields were found for LR than for MR management in seven years out of ten. In five years out of ten, grain yield under LR was greater than or equivalent to MI and HI management. It was the same for MR. Equivalent yields were found for MI and HI management in six years out of ten. Limited irrigation for sunflower appeared to be an effective way to secure yields. But in half the years, the limitation of water use could be achieved by low-input management in the case of deep soils.
Diagnosis using yield components
In the absence of limiting factors or when drought occurred before anthesis, grain yield and achene number\m# were positively related, as in most grain crops (Fig. 1) and achene number increased with plant population over the range 2n5-7n5 plants\m# (Fig. 2) . Problems at emergence (e.g. slugs) seriously limit potential crop production in sunflower, but when drought occurred early, as in 1989 and 1990, the achene number was decreased by water stress during the vegetative and flowering periods. In 1984, too high densities were responsible for the rapid soil water depletion and water stress at flowering, which reduced achene production. This is obviously a less reliable way to manage sunflower under rainfed conditions. Much compensation in seed weight is generally observed in current conditions of sunflower cropping, as high 1000-seed weight can be maintained with high achene number\m# (Blanchet 1994). The seed weight was expressed as a percentage of potential seed weight because of some genotypic differences (Table 2) . Over the range 3000-12000 achenes\m#, potential 1000-seed weight can be obtained, in the absence of stressful environmental conditions during grain-filling (Fig. 3) . In 1992, as Phomopsis attacks were extremely severe and resulted in high proportions of stem breakage (20-30 %) and grain shrivelling, only 50-70 % of the potential seed weight was observed, but better results were obtained with tolerant genotypes (LR and MR). In 1990, the severe soil water deficit reduced the duration of grain-filling under rainfed management by accelerating foliar senescence, while post-flowering irrigation delayed canopy senescence. Shoot biomass increased with N fertilization and N uptake over the range of treatments, but harvest index was reduced under rainfed management as a result of soil water depletion, leading to a different grain yield ranking (Fig. 4) .
Response of oil production to increasing crop intensification
Oil concentration and grain yield increased together (Fig. 5) , while oil and protein concentrations were negatively related (data not shown). The HI management proved best for securing an oil concentration 50 %. More variable results were observed under rainfed management and even under limited irrigation. Sufficient water is necessary during grainfilling to achieve a high oil concentration (Picq & Abramovsky 1989 ; Ouattar et al. 1992) . The type of .  ET AL. genotype contributed to the oil quality (Table 2 ). Genotypes such as cv. Topflor or cv. Select had higher oil concentrations over a wide range of grain yields and related crop managements (Fig. 5) . Phomopsis attacks for cv. Viki and drought for cv. Agrisol and TN15, which accelerates senescence, decreased oil concentration to 35-40 % in such genotypes. This is consistent with the results of Acimovic (1986) and Penaud et al. (1994) who observed a reduction of 25-30 % of oil concentration in presence of severe attacks of Phomopsis.
Phomopsis and Phoma attacks as related to crop management
In 1994, the percentage of plants not affected by Phomopsis was lower under LR and HR management than under MR, MI and HI (Table 6 ). Irrigation enhanced Phomopsis infection without fungicide ap- toms would lead to a yield loss of 0n2-0n5 t\ha, which is consistent with the difference between MR and HR in rotation A (fungicide effect). The percentage of plants infected by Phoma was smaller, probably because of the competition with Phomopsis. LR and HR management appeared to be the least affected by this disease.
Diseases, mainly Phomopsis helianthi in this experiment, were favoured by higher plant density and superabundant N supply, as was used in the HR and HI management schemes. This could explain the relative success of LR management in 1987 and 1988. The use of Phomopsis-tolerant genotypes such as cv. Select did not completely prevent the infection by the disease but emphasised the role of crop management, because 0-100 % of the stems were attacked under the unsprayed management according to the density and N status of the crop canopy. These results suggest the possible value of integrated crop protection methods in the control of sunflower diseases (Jinga et al. 1992) .
Residual effects of sunflower management
Soil water deficit at harvest Soil water deficit at sunflower harvest was important when compared with other crops (Debaeke & Cabelguenne 1994) . Under MR management, only 7 % of the soil water reserve (285 mm over 150 cm depth) was available for the next crop (average of the 1985-91 period) ; under MI and HI, the corresponding values were 16 and 35 %. Deep water extraction is generally observed in sunflower (Maertens & Cabelguenne 1974) . The overwinter soil water recharge, especially for the deep layers, could be affected by the severe soil desiccation after rainfed or moderately irrigated treatments. Compared with irrigated maize, less water percolation in autumn is expected after sunflower, and particularly under lowinput management.
Nitrogen leaching
The annual amount of N leaching, simulated by -hase, ranged from 17 to 40 kg\ha depending on the N amount and irrigation volume (Table 7) . Abundant N fertilization in sunflower was more responsible for high N leaching than supplementary irrigation. The average N leaching doubled from LR to HI management. The sunflower-wheat rotation probably presents little risk to the environment as regards nitrogen losses under rainfed production. In deep soils, the amount of residual nitrogen available for subsequent wheat growth can be large, especially after dry seasons and under high-input sunflower management (Debaeke et al. 1996) .
The increase of N leaching above a fertilizer rate of 60 kg\ha was associated with the low N uptake and limited response of grain yield to N fertilizer. In 1994, the experimental response of grain yield to nitrogen application was not significant : 2n45 (0 N) v. 2n55 t\ha (N) in rotation A, 2n49 (0 N) v. 2n57 t\ha (N) in rotation B, suggesting high residual nitrogen but also the considerable ability of sunflower to extract nitrogen from the deepest layers, which makes sunflower a depolluting crop (Blanchet et al. 1987) . In addition, more symptoms of Phomopsis attacks were recorded on N-fertilized plots. The prior simulation could not predict the effect of N fertilization on disease infection ; but, using this assumption, the yield difference between 0 N and 60 N ranged from 0 to 1n4 t\ha, and in half the years the response was 0n5 t\ha. As shown by Merrien et al. (1988) , the actual N fertilizer use was c. 25-30 % : so most of the nitrogen uptake by sunflower comes from the soil mineralization and residual nitrogen. N uptake was far greater than N-fertilizer supply in sunflower, even in low-input cropping systems since 1984.
Economic return
Operating costs
The cost of inputs used on sunflower more than doubled from LR (1100 FF\ha) to HR and HI management (2600 FF\ha). When including the energy costs (fuel, irrigation pumping), the production costs ranged from 1400 FF\ha (LR) to 3700\ha (HI). On this basis, 540 FF were needed to produce one ton 
Gross margin
The decrease of gross margin (GM) was marked in the periods 1988-91 and 1992-95 as compared with the favourable price period of 1984-97 (Fig. 7) . GM decreased by 35 % under rainfed management and by 50 % under full irrigation management (HI). With favourable prices, irrigated systems were the most profitable. Under the new CAP regime, GM was slightly better under LR than under MI or HI management. In irrigated systems, increasing irrigation amount and related inputs (nitrogen, crop protection) was no more profitable. The possible increase of water cost would emphasise this trend. Increasing inputs (nitrogen, crop density, crop protection) under rainfed conditions was never a good economic strategy on deep soils, in the absence of yield increase and sometimes with depressive effects (Blanchet et al. 1987) . With the new CAP, the differences between GM among management systems were less pronounced than before, because of the buffering effect of subsidies. LR and MI management should be the only economic forms in the new situation.
DISCUSSION
This research demonstrated that low-input production for dryland and medium-input with limited irrigation for irrigated land are feasible in south-western France with respect to agronomic and economic constraints. Reducing the use of inputs on sunflower is agronomically sound as the crop has moderate cultivation requirements and is not very responsive to major production inputs. This is especially true in deep soils where the taproot system is efficient enough to extract nutrients and water down to the deeper layers (Blanchet et al. 1987) . By reducing N supply and plant population density, leaf area expansion can be prevented sufficiently to avoid excessive soil water depletion, risks of diseases, lodging and early senescence as a result of self-shading (Merrien 1992). Controlling vegetative growth in this way is risky : as was shown in Fig. 6 , leaf area index may vary greatly among low-input plots. Nitrogen which will become available over the rooting depth cannot be easily assessed at sowing time and limiting crop density is a risky decision in conditions of early sowing, low temperatures and drought. In any event, in the conditions of south-western France, there is no evidence of a far higher yield variability between years for low-input cropping systems managed without irrigation.
Results from other parts of France (Wagner & Leterme 1993 ; Reau & Wagner 1994) and from Italy (Rinaldi et al. 1992 ; Bonari et al. 1996) confirmed the absence of a systematic response of grain yield to input increases. This was especially true when no major limiting factors occurred during the growing season. But when Phomopsis attacks were severe (Reau & Wagner 1994) or when drought prevailed (Bonari et al. 1996) , intensive crop management using fungicides and\or supplementary irrigation gave the best yields and generally the best return, because of sharp yield losses under low-input management. The frequency of such events in a given situation should explain the ranking of the different management strategies.
A benefit to the environment could be expected from limiting the nitrogen supply for sunflower (Table  7) . Long-term effects of reducing inputs during two rotation courses have not been assessed in this contribution. No harmful effects have been observed in respect of weeds or soil organic nitrogen in the rotations where sunflower was grown (data not shown). The limitation of pesticides in LR should be a strong argument for this option.
On irrigated farms, irrigation is primarily applied to maize. Supplementary irrigation around anthesis would increase yield production by 0n7-1n4 t\ha in dry situations (Table 5 ). In the deep soils of Auzeville, c. 100 mm of irrigation, split into two or three applications around flowering, appeared to be a good strategy to maximize irrigation efficiency, provided that the soil water reservoir was recharged when the sunflower was sown and that summer drought was not as extreme as in 1989. But as the response of sunflower to water applied is lower than for maize or soyabean (Cabelguenne et al. 1982) , this crop is more often cultivated in rainfed situations. Transferring one or two irrigations from maize to sunflower is generally not profitable at the farm level (Deumier et al. 1995) .
The adoption of the CAP reform in 1993 reinforced the value of low-input crop management for sunflower. Though the future direction of the CAP is still uncertain, a further decrease in prices is possible, thus favouring the spread of low-input management and of crops requiring only limited applications of nitrogen and pesticides. As the size of farms is increasing in the great plains of Europe, there is also some opportunity for management options which limit the working time per hectare.
If low-input systems have been promoted by the economic situation, they also present real environmental advantages, such as reducing the risk of chemical pollution. More effort should be applied to devise integrated cropping systems for sunflower, first by a proper combination of techniques at sowing time, then by the choice of less aggressive herbicides or by mechanical weeding. The reduction of year-toyear variability should be achieved through the choice of genotypes more tolerant to drought and diseases, but also through an appropriate adjustment of techniques (sowing date, crop density, N fertilization) to accessible grain yields and\or quality goals. Therefore, crop managers will need more time to observe the crop in the field, but they will be assisted by new technologies in the domain of crop diagnosis and agricultural engineering.
The long-term experiment, which included a wide variety of cropping systems and climatic sequences, was useful for evaluating various sunflower management strategies, but the economic results may not apply exactly in the complexity of an actual farm situation. Also, more effort should be devoted to defining decision rules adapted to objectives in order to refine management schemes and make recommendations more adaptable.
The use of crop simulation models should help in interpreting the complex and contradictory crop responses to management schemes. This is especially important in a systems approach. Models should also assist the agronomist in devising innovative management schemes (Meinke et al. 1993) . As modelling is constantly developing, we suggest that the next step should be the prediction of the risk of diseases according to crop management and environmental conditions and the resulting yield loss.
